In this study, a fatigue crack detection technique, which detects a fatigue crack without relying on any reference data obtained from the intact condition of a target structure, is developed using nonlinear ultrasonic modulation and applied to a real bridge structure. Using two wafer-type lead zirconate titanate (PZT) transducers, ultrasonic excitations at two distinctive frequencies are applied to a target inspection spot and the corresponding ultrasonic response is measured by another PZT transducer. Then, the nonlinear modulation components produced by a breathingcrack are extracted from the measured ultrasonic response, and a statistical classifier, which can determine if the nonlinear modulation components are statistically significant in comparison with the background noise level, is proposed. The effectiveness of the proposed fatigue crack detection technique is experimentally validated using the data obtained from aluminum plates and aircraft fitting-lug specimens under varying temperature and loading conditions, and through a field testing of Yeongjong Grand Bridge in South Korea. The uniqueness of this study lies in that (1) detection of a micro fatigue crack with less than 1 μm width and fatigue cracks in the range of 10-20 μm in width using nonlinear ultrasonic modulation, (2) automated detection of fatigue crack formation without using reference data obtained from an intact condition, (3) reliable and robust diagnosis under varying temperature and loading conditions, (4) application of a local fatigue crack detection technique to online monitoring of a real bridge.
Introduction
A crack is one of the primary culprits for the failure of metallic structures and estimated that up to 90% of failures of in-service metallic structure are the result of fatigue cracks [1] . A fatigue crack is initiated from a damage precursor at unperceivable level (e.g. dislocation or micro crack in materials), when the material is subjected to repeated loading. The crack often continues to grow to a critical point and leads to a sudden failure of the system without providing a sufficient lead time for prevention [2] . For most metallic materials, it is known that a fatigue crack becomes conspicuous only after the crack reaches about 80% of the total fatigue life [3] . For example, the middle span of Seongsu Bridge suddenly fell into Han River in Seoul, South Korea in 1994, claiming the lives of 32 people and injuring 17 people. A later investigation discovered that this bridge collapse resulted from failure of welded joints due to repeated traffic loadings [4] .
To detect a fatigue crack at its early stage, several nondestructive testing (NDT) and structural health monitoring techniques have been developed. Radiographic technique which uses X or Gamma ray is a well-known and widely used NDT technique not only for fatigue crack detection but also for other industrial applications [5] . However, due to strict regulations by radioactive problem, the radiographic technique has a difficulty applying to large structure such as bridge. Eddy current technique is particularly well suited for detecting surface cracks in conductive materials, and can also be used for checking electrical conductivity and coating thickness measurements [6] . Acoustic emission (AE) technique detects elastic waves generated when a fatigue crack is initiated. AE technique has been used for detecting and localizing damage in composite, concrete and metallic materials [7] . However, the passive monitoring characteristic AE technique makes the sensors always be activated to 'listen' the elastic waves from crack and the wave from crack also can be missed due to ambient noise. Thermography technique is also applied for fatigue crack detection. A hybrid ultrasonic/ infrared technique for fatigue crack detection was introduced using heat occurs at a crack due to friction between the crack surfaces when an ultrasonic wave propagates to the fatigue crack [8] . Laser lock-in thermography, which utilizes a continuous wave laser as a heat source for lock-in thermography technique is developed [9] . For metallic structure application of thermography techniques, the surface of target structure should be coated using a matt paint avoiding the light reflected from the structure.
Among these techniques, nonlinear ultrasonic techniques have gained prominence due to their higher sensitivity to a micro fatigue crack and potential for online monitoring [10] [11] [12] . Nonlinear ultrasonic techniques attempt to detect a fatigue crack by tracing nonlinear phenomena such as harmonics and modulations created by a source of nonlinearity such as a fatigue crack. When an ultrasonic wave at a single input frequency propagates through a localized nonlinear source like a fatigue crack, additional components at harmonics of the input frequency are generated [11] [12] [13] . On the other hand, when two ultrasonic waves at two distinctive frequencies are propagated, the interaction of the ultrasonic inputs produces nonlinear ultrasonic responses at the sum and difference of these two frequencies [14] [15] [16] [17] [18] .
Nonlinear ultrasonic modulation has been used for detecting cracks in welded pipe joints and concrete beams [19, 20] . Using a piezoelectric stack actuator for generation of a low frequency (LF) signal and a surface-mounted lead zirconate titanate (PZT) transducer for creation of a high frequency (HF) signal, a fatigue crack in an aluminum plate is detected [21] . Bolt-loosening in aluminum plates and delamination in composites are detected using two surface mounted PZTs for generation of both LF and HF signals [22, 23] . Fixed LF and swept HF signals are used to find an optimal combination of LF and HF signals that can amplify the modulation [24] . A fatigue crack in an aircraft fitting-lug mock-up specimen is detected by sweeping the frequencies of both LF and HF input signals [25] .
In spite of recent developments in fatigue crack detection techniques using nonlinear ultrasonic modulation, there are still technical challenges that need to be overcome for real field applications. First, the generation of nonlinear modulation components is not guaranteed at one specific combination of two input frequencies even at the presence of a fatigue crack, and the generation of the nonlinear modulation components heavily depends on the dynamic characteristics of the host structure. In return, the dynamic characteristics of the structure constantly vary according to the temperature and loading conditions surrounding the structure [26, 27] . Therefore, the fatigue detection cannot rely on one particular combination of two input frequencies, and the input frequencies need to be constantly adjusted or swept. Second, for damage detection, most nonlinear ultrasonic modulation techniques use reference data obtained from the intact condition of host structure. However, these techniques are susceptible to false alarms due to signal variations unrelated to the damage such as changing temperature conditions. An automated fatigue crack detection technique based on the combination of nonlinear ultrasonic modulation and sequential outlier analysis has been developed by the authors' group and validated through laboratory testing [28] . However, the applications of this previously developed technique to in-site bridge structures reveal that (1) the harsh field conditions at the bridge site can increase the noise level at the modulation frequency, and this increased noise level can occasionally produce a false positive indication of crack, and (2) if modulation occurs over the majority of the investigated frequency combinations, the outlier analysis may fail to detect the presence of crack (false negative).
In this study, the shortcomings of the previous algorithm are overcome and the reliability of crack detection is significantly improved by developing a new fatigue crack detection technique without relying on any reference data obtained from the intact condition of a target structure. The proposed technique exploits the statistical properties, such as the skewness and median values, of the modulation components to reliably identify the presence of crack. The effectiveness of the proposed fatigue crack detection technique is experimentally tested using data obtained from aluminum plates and aircraft fitting-lug specimens under varying temperature and loading conditions. Finally, the proposed technique is applied to real periodic monitoring of Yeongjong Grand Bridge.
The uniqueness of this study lies in that, (1) detection of a micro fatigue crack with less than 1 μm width and fatigue cracks in the range of 10-20 μm in width using nonlinear ultrasonic modulation, (2) automated detection of fatigue crack formation without using reference data, (3) improved reliability and robustness of crack diagnosis, particularly under varying temperature and loading conditions, (4) application to periodic monitoring of a real bridge structure. This paper is organized as follows. In section 2, the backgrounds and development of the proposed fatigue crack detection technique is presented. Section 3 describes the fatigue crack detection on aluminum plates and aircraft fitting-lug specimens under various temperature and loading conditions. Next, field application of the fatigue crack detection technique to Yeongjong Grand Bridge for periodic monitoring is provided in section 4. Finally, the summary and conclusion are presented in section 5. ( )with amplitudes A 0 and B 0 are applied to an intact (linear) structure in the z direction, the displacement of the input waves u 0 ( ) become
where k a and k b are the wavenumbers of waves a and b, respectively. Here, intrinsic material nonlinearity of the structure is omitted because this nonlinear effect is much smaller than the nonlinearity produced by a localized fatigue crack [29] . The stress induced by the input waves s 0 ( ) can be written as respectively. When a localized fatigue crack is introduced to the structure at z 0 and it is assumed that the average Young's modulus is locally reduced from E 0 to Ē and the instantaneous Young's modulus at z , 0 E z , 1 0 ( ) fluctuates around this reduced Young's modulus in proportion to the amplitude of the applied wave at the crack location [30] :
where γ is the nonlinear elastic constant (g a = E , 0  a < 0 1 , ) E z 0 ( ) is the average Young's modulus after fatigue crack formation at z , 0 and α is the nonlinear coefficient for representing the nonlinearity due to the localized fatigue crack. The max operation in equation (3) finds the maximum strain induced by the input waves at the crack location. The stress induced by the input waves at the crack location, s , 1 can be written as ⎡
The stress at the crack location induced by the input waves is obtained substituting equation (1) into (4)
where s , Using a more complex crack model with additional square and cubic terms in equation (3), the contributions of higher order harmonics and modulations terms can be considered. However, only the second harmonic and the first modulation terms are considered in equation (3) for simplicity.
Damage classifier based on skewness-median analysis
Based on nonlinear ultrasonic modulation generated by a localized fatigue crack, a damage classifier with the following four steps is developed.
Step I: Extraction of modulation components First, both LF and HF sinusoidal inputs are simultaneously applied to the structure, and the corresponding ultrasonic responses at w w  Step II: Establishment of a threshold value considering noise level Next, as shown in figure 1 (1) when a sinusoidal input is applied at w , b the response spectrum actually has some narrow bandwidth and the noise levels at the modulation frequencies also increase as shown in figure 2 ; (2) when another sinusoidal input is applied at w , a a similar increase of the noise level may be observed near w . a However, because the modulation frequencies are further away from w a (w a <w , b ) the noise levels at the modulation frequencies are not much increased by the application of the LF input as presented in figure 2 ; ( ) corresponding to a user specified one-sided confidence interval is established.
Step III: Calculation of a nonlinear index (NI) for various frequency combinations NI b a value will remain mostly negative without a fatigue crack. As mentioned previously, the temperature and loading conditions of a field structure constantly vary and the conditions for modulation generation heavily depend on the dynamic characteristics of the host structure. Therefore, the w w  NI b a values are estimated at various combinations of w a and w b to increase the chance of detecting a fatigue crack [31] .
Step IV: Crack diagnosis using skewness and median statistics For crack diagnosis, skewness and median statistics of the NI values obtained from multiple combinations of w a and w b are computed as shown figure 1(d) . 'Skewness' is the third standardized moment and defined as
[ ] where m and s are the mean and standard variation of the NI values, respectively, and E is an expectation operator. The skewness represents the asymmetry of the NI distribution. The 'median' is the numerical value separating the higher half of a data sample (here, NI values) from the lower half. When the modulation components are generated at several frequency combinations, the NI distribution is skewed to the positive value, implying the presence of a fatigue crack. Similarly, crack formation also can shift the median value of the NI distribution to a positive value when the modulation occurs in the majority of tested frequency combinations. By performing crack diagnosis using two test statistics as follows, the reliability of crack diagnosis is improved:
If both 'skewness' and 'median' are <0, 'intact' otherwise, 'damage'.
Note that, in the proposed diagnosis algorithm, both the NI and threshold values are obtained using data only from the current state of the target specimen without relying on any history date from the intact condition.
Experimental validations

Crack detection in aluminum plates
Two identical aluminum plates (specimen I) with a center hole were fabricated using 7075-T351 aluminum alloy. The geometry and dimensions of the specimen I are shown in figure 3(a) . A fatigue crack, which is 35 mm long and less than 10 μm wide, was formed in one of the specimens during a cyclic loading test ( figure 3(b) ). The fatigue test was performed using a MTS machine with a 10 Hz cycle rate, a maximum load of 64.6 kN and a stress ratio R=0.1. Details on the fatigue test are presented in [32] . Four identical PZTs manufactured by APC International were installed on each Figure 2 . Noise levels obtained from the aluminum plate specimen in figure 3 due to the application of (1) HF (185 kHz) input only, (2) LF (45 kHz) input only and (3) no input. The noise level at the modulation frequencies (140 and 230 kHz) due to HF input only is larger than the noise level due to LF input only. The noise level without input is similar with that of LF input only. specimen. Each PZT has a diameter of 6.35 mm and a thickness of 0.254 mm. Two PZTs labeled as ACT 1 and ACT 2 were used for generation of ultrasonic waves, and the other two denoted as SEN 1 and SEN 2 for sensing.
For data acquisition (DAQ), a National Instruments (NIs) PXI system consists of two NI PXI-5421 arbitrary waveform generators (AWGs), a NI PXI-5122 2-channel high speed digitizer (DIG). One AWG was used to apply a HF input at w b to ACT 1 and the other AWG to apply a LF input at w a to ACT 2. The output responses from SEN 1 and SEN 2 were simultaneously measured using DIG. The AWGs and DIG are synchronized and controlled by LabVIEW software.
Both LF and HF input signals had a peak-to-peak voltage of ±12 V, and they were converted to analog input signals at a conversion rate of 1 MHz with zero-order holding. The output responses were measured with 1 MHz sampling rate for 0.5 s. The responses were measured 10 times and averaged in the time domain to improve the signal-to-noise ratio. For investigating various frequency combinations, w a was stepped from 45 to 50 kHz with a 1 kHz increment and w b from 180 to 185 kHz with a 1 kHz increment, respectively. As shown in Next, an aluminum (6061-T6) plate specimen (specimen II) with 3 mm thickness was fabricated as shown in figure 6(a) . Three identical PZTs with 10 mm diameter and 0.5 mm thickness manufactured by Haiying Group were installed on specimen II. Two PZTs labeled as ACT 1 and ACT 2 were used for generation of LF and HF inputs, and the third one denoted as SEN for sensing, respectively. w a was stepped from 30 to 40 kHz with a 1 kHz increment, and w b from 181 to 183 kHz with a 1 kHz increment. The other DAQ parameters were identical with the previous test. The specimen was subjected to 4∼40 kN (R=0.1) tensile cyclic loading with 10 Hz cycle rate using a universal testing machine (INSTRON 8801). After 50 000 cycles, a micro crack was formed near the center hole. A microscopic image of specimen II was taken after tensile loading tests. As shown in figure 6(b) , the length and width of the micro crack near the center hole were less than 60 μm and 1 μm, respectively. An exponential distribution is fitted using 11 w w  n b a values, and the threshold value corresponding to a 99.99% confidence interval is estimated. Both skewness and median statistics had negative values before crack formation, while both became positive after crack formation as shown in figures 6(c) and (d).
The experimental results demonstrate that the proposed nonlinear ultrasonic modulation is able to detect even a micro fatigue crack with less than 1 μm width. Other researchers have also reported the superior sensitivity of the nonlinear ultrasonic technique to micro defects over that of the linear ones [12, [33] [34] [35] .
Crack detection in aircraft fitting-lug specimens
Two mock-up specimens, which represent a fitting-lug connecting an aircraft wing to a main fuselage frame, were fabricated from 6061-T6 aluminum alloy as shown in figure 7 . A Figure 6 . Detection of a micro crack in aluminum plate specimen (specimen II) (a) the geometry and dimensions of specimen II, (b) microscopic image of the micro crack near the center hole, (c) diagnosis result before crack formation, and (d) after crack formation.
40 mm long and 20 μm wide fatigue crack was introduced to one of the specimens through cyclic loading with varying amplitudes of 0-6.7 kN as shown in figure 7(b) . This loading is equivalent to real operational loading corresponding to 1000 flight hours according to current aircraft design specifications. Details on the fatigue test are presented in [28] .
Three identical dual PZT modules manufactured by Metis Design were installed to each specimen near the crack prone location as shown in figure 7 . Here, each dual PZT module consists of two concentric inner circle and outer ring PZTs, and they are packaged by a Kapton tape with printed circuit and two SMA connecters. The outer and inner diameters of the ring PZT, the diameter of the inner circular PZT, and the thickness of the PZTs are 18 mm, 10 mm, 8 mm and 0.3 mm, respectively. One dual PZT module was used as an actuator (ACT), and the others as sensors (SEN 1 and SEN 2) . Unlike the aluminum plates, a single dual PZT module was used for exerting both LF and HF inputs. LF input was applied to the outer ring PZT, and HF input to the inner circle PZT of ACT, respectively. Corresponding ultrasonic responses were measured using the inner circle PZTs of SEN 1 and SEN 2. Note that a larger PZT size is preferred for excitation while a smaller size is more advantageous for sensing [36] . For DAQ, the identical DAQ system described in section 3.1 was used. For investigating various frequency combinations, w a was stepped from 45 to 50 kHz with a 1 kHz increment and w b from 190 to 195 kHz with a 1 kHz increment, respectively. The other DAQ parameters were identical with the aluminum plate test. Figures 8(a) and (b) show the NI distributions, the skewness and median statistics obtained from SEN 1 of the intact and damage aircraft fitting-lug specimens, respectively. The threshold value corresponding to a 99.99% confidence interval is estimated by fitting an exponential distribution to 6 
Crack detection under varying temperature and loading conditions
The performance of the developed fatigue crack classifier was validated under various temperature and ambient vibration conditions for the aluminum plates (specimen I) and the aircraft fitting-lug specimens. For the temperature test, the specimens were placed inside a temperature chamber and signals were measured under five different temperature conditions (−15°C, 0°C, 15°C, 30°C and 45°C). The temperature of the chamber was maintained within 1°C accuracy for each temperature condition. For the ambient vibration tests, random excitations with different maximum peak amplitudes were exerted to the specimens using a mechanical shaker. The frequency range of the random excitation was 0-50 Hz. The peak amplitudes were measured using an accelerometer installed on the specimens, and the temperature was maintained at room temperature (20°C). The fatigue crack diagnoses are summarized in tables 1-4. For all the cases investigated in the tables, there was no false-positive indication of crack for the intact cases, and the cracks were successful detected even at the presence of varying temperature and ambient loading conditions. The outlier analysis based fatigue crack diagnosis technique developed by the author's group in [28] was applied to the data obtained from various temperature and loading conditions. Figure 9 shows the false alarms of the outlier analysis using the data obtained from the fitting-lug specimens. Figure 9 (a) shows a false positive indication of crack due to occasionally produced high noise level and (b) shows a false negative indication with no outliers even at the presence of crack due to the majority generation of modulation over the investigated frequency combinations. Comparing the results presented in table 4, the proposed technique in this study shows improved reliability and robustness of crack diagnosis.
Applicationh to Yeongjong Grand Bridge monitoring
Introduction to Yeongjong Grand Bridge
Yeongjong Grand Bridge ( figure 10(a) ) is the world first 3D self-anchored suspension bridge which links between Yeongjong Island (Incheon Airport, ICN) and Incheon (Seoul) in South Korea. The bridge is part of the Incheon International Airport Highway and was completed in 2000. The total length of the bridge is 4420 m, and the length and width of the main suspension bridge are 550 m and 35 m, respectively. The bridge carries both highway traffics and railway trains as shown in figure 10(b) . The double deck system has six lanes of highways on the upper deck and four lanes of highways and two lanes of railways on the lower deck. The bridge is maintained by New Airport Hiway Co. Currently, Yeongjong Grand Bridge is equipped with about 400 sensors including GPS, strain gauges, anemometers and accelerometers [37] . Note. Positive values are marked with bold characters.
In June, 2005, the lower deck of the bridge was modified to carry two railways and Incheon Airport Railroad Express (A'REX) has been in operation since 23rd March 2007. In addition, Korean Train Express (KTX) has been passing through the bridge since 30th June 2014. Note that the typical length and weight of KTX trains are 338 m and 69 tons, respectively, and KTX trains are 3 times longer and 3.5 times heavier than A'REX trains as shown in table 5. These additional loadings, which were not considered during the initial design stage of the bridge, are expected to accelerate the deterioration of the bridge, in particular, the fatigue crack initiation and growth. In response to the expected deterioration of the bridge, New Airport Hiway Co. decided to purchase and install our proposed monitoring system specifically targeted for online fatigue crack detection. Due to the confidentiality agreement with New Airport Hiway Co., only limited outcomes from the field measurement tests are disclosed in this study in spite of successful applications of the Note. Positive values are marked with bold characters. Note. Positive values are marked with bold characters. Note. Positive values are marked with bold characters.
proposed monitoring system to fatigue crack detection in the field.
Monitoring system deployment
For Yeongjong Grand Bridge monitoring, a triple PZT module is designed by the authors and manufactured by Metis Design as shown in figure 11 . The triple PZT module consists of three identical circular PZTs, and they are packaged by a Kapton tape with printed circuit and three SMA connecters. The diameter and the thickness of each circular PZT are 25 mm and 0.5 mm, respectively. LF and HF inputs are applied to two circular PZTs (PZT A and B), and the corresponding response are obtained by the third PZT (PZT C). The triple PZT modules were installed on the west end of the suspension portion of Yeongjong Grand Bridge as shown in figure 12(a) . These installation locations are determined because the welded connections in these areas are discovered to be prone to fatigue cracks during periodic visual inspections (once every 5 years) required by a special act of Korean government [38] . 6 triple PZT modules were installed inside of the upper box girder ( figure 11(b) ). Detailed configurations of the DAQ system and the triple PZT modules installed inside the box girder are shown in figure 12(c) .
For DAQ, the identical NI PXI system described in section 3.1 was used. Both LF and HF input signals had a peak-to-peak voltage of ± 12 V, and they were converted to analog input signals at a conversion rate of 1 MHz with zeroorder holding. The output responses were measured with 1 MHz sampling rate for 1 s. The responses were measured 10 times and averaged in the time domain to improve the signalto-noise ratio. The sweeping ranges for LF and HF inputs are determined considering the local resonance characteristics at Figure 9 . False alarms of the outliner analysis based crack diagnosis using the data obtained from the fitting-lug specimens. each measurement location as summarized in table 6. For example, the LF and HF ranges for Loc. 1 were matched with the local resonance frequency bands at Loc. 1 (40-50 kHz and 197-199 kHz), respectively, so that crack motion necessary for nonlinear modulation can be maximized [18, 31] .
Results of field tests
For periodic fatigue crack monitoring, data were obtained 6 times in 2015 and fatigue crack diagnosis results are summarized in table 7. Similar to the laboratory tests shown in figure 13 , intrinsic material nonlinearity and nonlinear interaction between the inputs and the noise component are negligible. NI values are obtained by subtracting the modulation amplitude at w w  b a when LF and HF inputs are applied simultaneously from a threshold value corresponding to a 99.999% confidence interval by fitting an exponential distribution using 11 noise values at w w  b a when only HF input is applied. It was concluded that there is no fatigue crack on the presented locations and the findings were validated through visual inspection. The data on 14th October 2015 was obtained at night without traffics while the other data was obtained during the normal operation conditions of the bridge with traffics including trains. The results show that the proposed fatigue crack classifier shows no false-positive indication of crack under the normal operational conditions. The maximum temperatures were 15°C and 3°C on 28th October and 4th December, respectively, which were lower than that of the other dates (22°C). The results also show that the crack diagnosis was not affected by ambient temperature variations. Although fatigue cracks were not detected in the presented locations, the proposed technique is possible to detect fatigue cracks in real bridge structure. However, the detailed outcomes are not reported here because of the confidentiality. This fact gives reasons to expect that the eventual development of fatigue cracks in real bridge structures will be successfully detected using the proposed fatigue crack detection technique. Figure 12 . The installation locations of the DAQ system and triple PZT modules on Yeongjong Grand Bridge. 
Conclusions
In this study, a new fatigue crack detection technique without relying on any reference data obtained from the intact condition of a host structure is developed based on nonlinear ultrasonic modulation so that fatigue cracks in in situ metal structures can be automatically and reliably detected under temperature and loading variations. When two ultrasonic inputs at distinctive frequencies are applied to the host structure, nonlinear modulation components are generated due to fatigue crack. By analyzing skewness and median statistics of nonlinear modulation obtained from various input frequency combinations, crack diagnosis is performed. The performance of the proposed fatigue crack detection technique is experimentally validated using data from aluminum plates and aircraft fitting-lug specimens and Yeongjong Grand Bridge. The experimental results demonstrate that (1) a micro fatigue crack with less than 1 μm width and fatigue cracks in the range of 10-20 μm in width can be successfully detected using nonlinear ultrasonic modulation, (2) fatigue crack can be detected without relying on the reference data obtained from the pristine condition of the measurement location, and (3) reliable and robust diagnosis can be performed even under harsh varying temperature and loading conditions in the field. From the experimental validations on Yeongjong Grand Bridge, New Airport Hiway Co., in charge of the bridge maintenance, decided the extended application of our proposed system for online fatigue crack detection from 2016.
For continuous transition of the proposed technique to commercialization, the following issues need to be addressed. First, field engineers are indeed concerned about the remaining useful life once a fatigue crack is detected. Therefore, the development of fatigue prognosis as well as diagnosis techniques is crucial for timing repair and maintenance. Second, cabling for DAQ and power supply makes up about 50% of the total monitoring system cost. For monitoring of large-scale structures, the cost of cabling increases drastically and wireless sensing can be a good alternative. Third, logistics for optimal sensor placement is necessary so that sensors can be installed only to critical points. 
